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Abstract 

The use of rapid gasdynamic mixing in high speed flow systems for 

creating population inversions in molecular laser systems is discussed for 

the cases of electrical excitation followed by selective energy transfer 

and for excitation by chemical reaction. A summary and discussion is given 

of recent experimental results concerning electrically and chemically 

excited fluid mixing lasers. 

chemical laser to operate' continuously with no external source of energy, 

by the simple mixing together of commercially available bottled gases. 

A brief discussion is given of the first 
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I. Introduction 

There are  at. prescnt an ever increasing number of l a s e r  systems which 

fit naturally under the  broad c lass i f ica t ion  "f luid mixing lasers",  For 

these lasers, the  rapid mixing together of f l u ids  is an essent ia l  feature of 

t he  laser pumping process, o r  of the  relaxation mechanism fo r  t he  lower l a s e r  

l eve l ,  or  of both. To date, t h i s  c lass  of l a se r s  has been confined t o  com- 

p le te ly  gaseous systems, but it may eventually be extended t o  include potent ia l ly  

important cases f o r  which mixing is  accomplished by a rapid i n i t i a l  d ispersal  

of l iqu id  droplets wi th in  a gas followed by a rapid subsequent vaporization o r  

"flashing" of t he  droplets.  

U n t i l  qui te  recent ly ,  t h e  best  examples of f l u i d  mixing lasers (1-4 ' have 

been based upon t h e  N -C02 or N -N 0 l a se r  systems or ig ina l ly  demonstrated and 

d,eveloped by Pat e l  ( " and independently proposed by Legay and co-worker s 

(7'8'. These lasers achieve pumping of t he  upper laser l eve l  through the  sel-  

2 2 2  

ect ive transfer of vibrational-rotational energy by t h e  mixing of vibrat ional ly  

. excited N with i n i t i a l l y  unexcited CO or  N 0, For such lasers ef fec t ive  opera- 
2 2 2 

t i o n  depends upon the  achievement of a charac te r i s t ic  mixing t i m e  t h a t  is less 

than the  vibrat ional  relaxation t i m e  fo r  t he  upper laser l eve l  t 2 9 9 ' .  It is 

possible,  however, t o  achieve' l imited operation fo r  much slower rates of mixing* 

provided, of course, t h a t  mixing is accomplished before s ignif icant  vibrational-  

t r ans l a t iona l  energy relaxation can occur i n  t h e  i n i t i a l l y  excited nitrogen 

* It is  in te res t ing  t o  note i n  t h i s  context t ha t  f l u i d  mixing laser act ion w a s  

successfully demonstrated f o r  t he  helium-neon atomic system by achieving mixing 
3 rates only fast enough t o  exceed t h e  i n i t i a l  de-excitation rates fo r  helium (2 S) 

metastables convected downstream fron an e l e c t r i c a l  discharge, despi te  t h e  f a c t  

t h a t  there  w a s  no poss ib i l i t y  f o r  achievement of mixing rates comparable tb t h e  

de-excitation rate f o r  t h e  upper laser level i n  neon (10) 
/ 
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molecules, as Patel ' s  ear ly  experiments ( 5  p 6 )  demonstrate. 

During t h i s  past summer of 1969, s ignif icant  progress has been made i n  

the  chemical l a se r  f ie ld .  Continuous-wave chemical l a se r  action w a s  reported 

simultaneously by two groups working independently on different  chemical sys- 

2 
tems (11y12). These first cw chemical lasers operating i n  the  HF and HC1-CO 

molecular systems were pumped by vibrat ional  energy released from chemical 

reactions;  however, an additional energy source w a s  required fo r  i n i t i a l  p a r t i a l  

dissociation of reactants.  These systems were quickly followed by two new cw 

chemical lasers operating i n  t h e  DF-C02 and HF-CO molecular systems (13) 
2 

A long awaited milestone w a s  reached i n  August w i t h  t he  successful demon- 

s t r a t ion  of laser operation by purely chemical means; no additional energy source, 

thermal or e l e c t r i c a l ,  was necessary (14). Continuous-wave chemical l a se r  opera- 

t i on  i n  60 at  10.6 microns w a s  achieved i n  t h e  DF-C02 system solely by the  2 
simple mixing of bot t led gases, It is  expected t h a t  work currently underway at  

several laborator ies  w i l l  quickly lead t o  other purely chemical cw lasers operating 

by means of t he  rapid mixing of reactants.  

Because of these recent developments, the  author has fe l t  it desirable t o  

extend somewhat t he  discussion r e l a t ing  t o  chemical laser systems or iginal ly  

presented at t h e  NASA G a s  Laser Conference of July 15-16, 1968. Because of 

continuing p rac t i ca l  i n t e re s t  i n  t he  e l ec t r i ca l ly  excited N -CO f l u i d  mixing 

laser, some discussion W i l l  be given of our work on t h i s  system with emphasis 

2 2  

on material or ig ina l ly  presented at the  Conference, but not yet  published else- 

where * 

11, Fluid Mixing Laser Configurations 

Figure 1 schematicdly i l l u s t r a t e s  t h e  concept of one possible type of 
\ 
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f lu id  mixing laher.  

pa r t i a l ly  re f lec t ing  mirrors (not shotm) aligned so t h a t  the  opt ica l  axis 

The flow moves i n  the  posi t ive Z-direction between two 

l i e s  pa ra l l e l  t o  the  X-axis, transverse t o  the flow direct ion ( 9  9’5 ,16), Rapid 

mixing of a secondary gas with the  primary gas flow is  accomplished by intro- 

ducing the secondary gas by means of small j e t s  located along adjacent a i r f o i l s  

fed by manifold arrays. A simplified version of the  airfoil-manifold array 

of Figure 1 (a single  bank of 16 a i r f o i l s  with 12 o r i f i ce s  of .028 in.  dia . )  

has been used qui te  successfully t o  in j ec t  CO i n t o  a primary flow of vibra- 

t i ona l ly  excited N2 mixed with He(2). Simplified a i r f o i l s  consisting of 

perforated round tubes a l so  work w e l l ,  and inject ion i n  la teral  direct ions 

instead of downstream is  sometimes convenient. 

we have found it necessary t o  cover perforated s ta in less  steel in jec tor  tubes 

with Teflon t o  avoid surface recombination losses of atomic species. 

2 

In  our chemical laser work, 

Figure 2 shows schematically a f l u i d  mixing l a s e r  f o r  which the  opt ica l  

axis  i s  aligned along the  flow direction. We have successfully used t h i s  

type of configuration f o r  preliminary studies of t h e  e l ec t r i ca l ly  excited 

N 4 0  

laser systems (12-14)s 

laser  system (unpublished) as w e l l  as f o r  studies of various chemical 2 2  

For t h i s  configuration, a secondary flow is  introduced 

* i n t o  the  primary flow by means of a Teflon in jec tor  located at t h e  upstream 

end of the  Teflon reaction tube. Mixing and inject ion is accomplislied by 

means of o r i f i ce s  located i n  the  side walls. The mixing system of Figure 2 

i s  qui te  useful  f o r  small scale  fundamental s tudies  of laser systems, but 

cannot be readi ly  scaled up i n  size i n  contrast  t o  t h e  configuration of 

Figure 1. 

contributed f romtha t  portion o f t h e  flow within t h e  Teflon reaction tube 

Most of the  laser output f o r  t he  configuration of Figure 2 is  

(13) . 
The dimensions of t h i s  tube are determined by considerations of t he  maximum 

permissible cavity d i i f rac t ion  losses ,  of the  maximum permissible pressure 

drop along t h e  tube, and of the.need f o r  a minimum charac te r i s t ic  mixing t i m e .  
\ 
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. 
Several authors have recently reported i c t e re s t ing  r e su l t s  on flowing 

gas l a se r  systems operating w i t h  e i t h e r  a transverse opt ica l  axis (as i n  

Figure l), o r  with a longjtudinal op t ica l  ax i s  (as i n  Figure 2 )  with respect 
(1,3,17,18 

t o  t he  flow direct ion . 4 ery high power densi t ies  have been obtained i n  

(1 ,17,18 1 such flow l a se r s  both with and without f lu id  mixing 

111, Gain Measurements i n  t h e  N2-C0 Fluid Mixing Laser 2 

Several features of f lu id  mixing l a se r s  of prac t ica l  importance have been 

recently studied w i t h  the  e l ec t r i ca l ly  excited N2-C02 laser system. 

discussing t h i s  work, it will be desirable t o  mention b r i e f ly  several  of the  

advantages of  high speed flow lasers generally, both with and without f l u i d  

mixing, 

Before 

The phrase "high speed flow laser" used here is meant t o  apply t o  those 

lasers for  which charac te r i s t ic  flow t r a n s i t  times are much less than the 

charac te r i s t ic  times fm the  diffusion of the  component species t o  the  w a l l s  of  
(2,161 t h e  device. 

Patel  ( 5 )  real ized t h a t  the  poss ib i l i t y  of obtaining a l a s e r  with a gain 

t h a t  is approximately independent of tube diameter was inherent i n  t h e  COP l a s e r  

system. 

.. 

That i s ,  f o r  CO l a s e r s  and fo r  molecular lasers operating on Vibrational- 2 
ro ta t iona l  t r ans i t i ons  generally,  volume col l i s iona l  relaxation e f fec ts  can 

dominate spontaneous emission and diffusion i n  contrast  t o  atomic gaseous lasers, 

U n t i l  ra ther  recently,  however, t he  N CO laser has conventionally been operated 

under conditions such t h a t  surface dependent e f f ec t s  (heat conduction, diffusion, 

2- 2 

wall recombination of ions)  have had a substant ia l  e f fec t  upon t h e  gains and 

ult imate power outputs available from such systems. In  f a c t ,  t he  concept of 

separately exci t ing molecules i n  a discharge and then subsequently mixing them 

with CO to produce laser 2 
abandoned i n  favor of t h e  

act ion tha t  Patel  o r ig ina l ly  employed w a s  largely 

use of premixed, slowly flowing gases, This neglect 
\ 
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of the  f lu id  mixing N -CO 

ments on t h i s  system 

demonstrating t h e  inherent  advantages of t he  f l u i d  mixing concept, as it w a s  

l a se r  was perhaps as much because t h e  ear ly  experi- 2 2  
( 596)  were done w i t h  appza tus  incapable of adequately 

because of t h e  simplicity of the conventional premixed system fo r  small scale  

applications. A t  present, it appears t ha t  the advantages of molecular laser 

systems employing high speed floving gases, v i t h  and without f lu id  mixing, 

are beginning t o  be realized i n  t h e  design of high power l a s e r  o sc i l l a to r s  
(1 J7,18) 

and amplifiers 

High-speed flowing gas lasers of fer  many advantages, as has been discussed 
(2,3,9,10,15-21) by several  authors: 

1. A uniform and low t rans la t iona l  gas temperature can be maintained by 

re jec t ing  unusable energy (as hea t )  with the exhausting flow. Conventional 

lasers are  constrained by t h e  requirement t h a t  heat be l o s t  a t  t he  w a l l  surfaces, 

For conventional lasers , the  gas temperature and lower state laser population 

are, therefore ,  determined t o  a large ex ten t  by t h e  surface-dependent method 

of heat re jec t ion ;  consequently, t he  gain is  not independent of tube diameter 

and the  power output cannot be scaled with tube diameter, 

2, Conventional lasers have electron dens i t ies  t h a t  have a maximum value 

at  the  tube axis but fa l l  t o  zero at t h e  tube walls because the  primary lo s s  

mechanism for  ions i n  t he  discharge i s  by surface recombination, In a flow 

laser, on the  other hand, convective losses  of ions can be dominant and a more 

uniform electrical exci ta t ion is ,  i n  pr inciple ,  possible. . 
3. High-speed flows permit t h e  use of gas dynamic expansion techniques 

fo r  the  achievement of uniform and low t rans la t iona l  and ro ta t iona l  gas temp- 

eratures. Such techniques enable the  d i r e c t  u t i l i z a t i o n  of thermal energy 

sources , 

4, The use of high-speed flows and rapid f l u i d  mixing provide a means t o  

accomplish an uricoupling of excitaQon processes from relaxat ion processes t o  
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allow t h e i r  independent optimizations. 

5 .  The uncoupling of ( 4 )  , above, can be used t o  provide for  the use of 

a var ie ty  of excitation techniques by e l e c t r i c a l ,  thermal, or chemical means, 

Selective relaxation of the lower l a se r  l eve l  can be accomplished by 6. 

t he  inject ion and mixing of a selected additive gas t o  preferent ia l ly  quench 

the  lower l a s e r  l eve l  (e. g.  , by increasing the  vibration-translation relaxation 

rate for  the  lower C02 laser-level by the  addition of helium). 

7. Many of the above features are responsible fo r  gain saturat ion and 

power output charac te r i s t ics  t h a t  are substant ia l ly  different  fo r  ffowing gas 

l a se r s  i n  comparison with conventional l a se r s  

a very large convective f lux  of molecular vibrat ional  energy t o  be maintained 

within the  l a s e r  cavity (e. g. , because of higher operating pressures , .improved 

excitation methods, uncoupling of exci ta t ion from relaxation , e t c  1. For flow 

, t he  effect ive "mean flow lasers operating at pressures above a f e w  t o r r  

laser saturat ion parameter" can substant ia l ly  exceed the  saturation parameter 

f o r  conventional lasers. 

. The high-speed flow enables 

( 9 )  ' 

8. A properly designed high-speed flow laser (negligible boundary layer  

thickness uniform t rans la t iona l  temperature e tc .  ) can provide a uniformly 

high gain t h a t  is independent of  dimensions transverse t o  the  flow direction. 

Because of the present lack of data concerning excitation and relaxation 

, processes i n  high-speed flow laser systems, a se r i e s  of experiments were per- 

formed with an e lec t r i ca l ly  excited f l u i d  mixing N2-C02 laser amplifier, The 

objective of these experiments was t o  obtain basic data  concerning the fol- 

lowing points:  

(A) What are the  magnitudes of single-pass unsaturated gain coeff ic ients  

t h a t  can be real ized i n v a n  e l ec t r i ca l ly  excited N2-C02 system, i f  uniform mixing 

can be accomplished on a t i m e  syale shorter  than the  charac te r i s t ic  time for. 
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vibrational relaxation of the upper 60 laser level? 2 

(R) Is it possible to achieve a uniformly hign gain, independent of 

dimensions transverse to the flow, in high-speed CO 

suggested by Patel 

flow lasers as originally 2 
( 5 )  ? 

(C) Can the relaxation processes subsequent to the mixing process be 

calculated accurately from first principles with available rate coefficient 

data? 

(D) What are reasonable values of the "initial conditions" (population 

densities, temperatures) to assign for calculations of electrically excited 

fluid-mixing laser performance for an optical cavity with a.transverse axis 

located just downstream of the mixing zone? 

(E) Can rapid mixing techniques be used conveniently for the direct 

quantitative measurement of vibrational relaxation rates of interest in laser 

applications? 

Figure 4 shows schematically how a CO laser oscillating on the P(18) 2 
transition at 10.57 p 

small-signal gain in a fluid-mixing CO 

of 150 line/mm blazed at 8 p was mounted as one mirror of the oscillator to 

was employed as a probe to measure the single-pass 

laser amplifier. A diffraction grating 2 

(22 1 provide laser oscillation on individual vibration-rotation transitions 
. 

The output mirror ofthe probe laser was mounted within a piezoelectric ele- 

ment which enabled the resonator length to be varied to bring the oscillating 

frequency of the cavity resonance in coincidence with the center frequency of 

the gain profile of the flowing gas in the fluid mixing system. 

the center frequency of the gain curve in the high-speed flowing gas of the 

fluid mixing system is slightly Doppler shifted with respect to the center 

frequency of the unsaturated gain curve ofthe probe laser, 

technique has been described previously , - J 

Note that 

The measurement 
(22 1 

\ 



Measurements were made by detecting t h e  chopper modulated and collimated 

output of the  probe l a s e r  beam a f t e r  it passed through the length L of the  

fluid-mixing system. 

detected output power with CO 

i n  the flow. 

The power r a t i o ,  exp (ZL), w a s  measured as the  r a t i o  of 

mixing in to  the  flow t o  t h a t  w i t h  no CO 2 2 present 

Figure 5 indicates hov the  inject ion a i r f o i l  array appeared as viewed 

from downstream. For these experiments both 2.54-cm-I.D. and 5.1-cm-I.D. 

Pyrex flow tubes were employed. 

with 12 in jec t ion  o r i f i ce s  (0.028-in-diam) were used; f o r  the 5.1-cm-1.D. flow 

tube, 1 4  a i r f o i l s  with 1 4  inject ion o r i f i c e s  (0,046-in-dim) were used, 

gap separating a i r f o i l s  w a s  about 0.040-in for  t h e  2.54-em-I.D. tube and 

0.045-in f o r  t he  5.1-cm-I.D. tube. 

(0.040-in-diam) of t he  t o t a l  (0,125-in-diq) collimated probe laser beam passing 

d i r ec t ly  between t h e  two adjacent cen t r a l  a i r f o i l s  was allowed t o  reach the  

For the  2.54-cm-I.D. flow tube, 16 a i r f o i l s  

The 

Only a small c i r cu la r  cross section 

detector. 

Measurements of gain coef f ic ien ts ,  

L - 1  a = - i  a d z ,  
L o  

averaged along the  mixed flow length L were made f o r  various lengths  L f o r  

flow tubes of both diameters. The r a d i a l  p ro f i l e  of  average gain coeff ic ients  

f o r  a given flow length L w a s  determined by t rans la t ing  both t h e  probe laser 

beam and detection opt ics  across t h e  tube diameter t o  permit observations a t  

various beam posit ions between the two adjacent cent ra l  a i r f o i l s .  
L 

Figure 6 shows the way I a d Z  depends on the  length L fo r  measure- 

ments made along the  tube ax is  with gas compositions t h a t  maximized the  gain 
0 

for a 1-m flow length. Excitation conditions were ident ica l  f o r  tubes of a 

given diameter, but we estimate t h a t  because of a higher nitrogen flow rate 

for the  5.1-cm-1.D. tubes tha t  t h e  avierage vibrat ional  energy per nitrogen 



molecule leaving the  discharge w a s  about 25% l e s s  than  i n  the 2.54-cm-I.D. 

case. T h i s  accounts for  t he  lower asymptotic value for  

t h e  5.1-cm-I.D. 

L for  large L with 

Notice the  very high average gain coeff ic ients  we obtain; 

for  example, for  a 2.54-cm-I.D. and L = 18.5 cm, a =  4.15 cm-' ( for  conven- 

t i o n a l  CO lasers of 2.54-cm-I.D. ,(22)a 5 1.0- --' )- 2 
Figure 7 shows a typica l  raclial p ro f i l e  of t h e  average gain coeff ic ient  

normalized by t he  center l ine value fo r  a 2.54-cm-I.D. tube wi th  L = 1 m ( the 

so l id  and dashed curves are t h e  result of theore t ica l  calculations ye t  t o  be 

discussed). 

a f l a t  cen t ra l  region of uniformly high gain extending t o  la rger  values of 

r / h t h a n  for  t h e  2.54-cm-I.D. case. 

of Figure 7 were made at each of t he  flow lengths,  € ¶  corresponding t o  t h e  

posit ions at  which data points are  given i n  Figure 6. The data of Figs, 6 & 7 (withmi 

Data (not shown) for  a 5.1-cm-I.D. tube of the  same length exhibit  

Radial p ro f i l e  measurements such as those sc 

corrections f o r  varying pressure drops fo r  the d i f f e r ing  flow lengths) can be 

used t o  in fe r  t h e  loca l  gain coeff ic ient  values at any point i n  t h e  flow. 

The data  of Figures 6 and 7 were taken under optimum conditions giving 

a maximum average gain as measured along t h e  axis of a 1 m length of a given 

diameter tube. "he data  of Figures 8 t o  11 i l l u s t r a t e  the  method of optimi- 

zation as-appl ied t o  the  2,54-cm-I.D. tube. 

t h e  average gain coeff ic ient  with helium p v t i a l  pressure f o r  fixed N 

CO p a r t i a l  pressures. 

t o r r  did not change substant ia l ly  for  moderate vmia t ions  i n  CO 

pressures, it w a s  possible t o  set the  helium pressure at 3 t o r r  and f ind  the  

Figure 8 shows the  var ia t ion i n  

and 2 

Since the  optimum helium p a r t i a l  pressure of  about 3 2 
and N2 p a r t i a l  2 

optimum operating conditions by examination of t h e  influences of var ia t ions in .  

CO concentration for  several  fixed N p a r t i a l  pressures. This is i l l u s t r a t e d  2 2 

by Figures 9 t o  ll. 

as a function of C02 p a r t i a l  pressure fo r  th ree  representative values of N2 

p a r t i a l  pressure f o r  a helium p a r t i a l  ,pressure of 3.05 t o r r .  

Figure 9 shows the  var ia t ions i n  average gain coeff ic ient  

Using 
1 
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t h e  maximum gain coeff ic ients  as obtained from curves such as given i n  Figure 9 

a curve of optimun gal.1 coeff ic ient  (for t h e  optimum CO 

corresponding t o  a given N p a r t i a l  pressure) as a function of 11 2 2 

p a r t i a l  pressure 

p a r t i a l  

2 

pressure can be plot ted as shown i n  Figure 10 , Figure 11 shows the data 

presented i n  a perhaps more meaningful fashion, Here a well defined optimum 

r a t i o  of CO t o  N p a r t i a l  pressure i s  indicated which decreases approximately 
2 2 

l i nea r ly  w i t h  N p a r t i a l  pressure f o r  moderate var ia t ions i n  N p a r t i a l  pressure 2 2 

about 1 t o r r ,  The maximum value of optimized gain coeff ic ient  occurs for  t he  

p a r t i a l  pressures:’  N2 = 0,85 t o r r ,  C02 = 1.70 t o r r ,  and He = 3.05 t o r r ,  

W e  have been able t o  ver i fy  by theore t ica l  calculations t o  be described 

i n  t h e  following t h a t  t he  var ia t ions of Figures 8 t o  11 are sa t i s f ac to r i ly  

explained qua l i ta t ive ly  i n  terms of t h e  various co l l i s iona l  vibrat ional  energy 

transfer processes connecting the  vibrat ional  leve ls  of 6O2which occur i n  the  

presence of N CO and He. The de ta i led  comparison of experiment and theory 

for t h e  gas composition changes represented by Figuses 8 to 11 w i l l  be 

presented elsewhere, 

experimental axial  and r a d i a l  average gain prof i les  (Figures 6 and 7 ) 

w i t h  theory, 

2’ 2 

It is in te res t ing  t o  examine here the  comparison of t he  

Theoretical calculations have been performed f o r  the  relaxing flows down- 

stream from t h e  mixing zone by assuming t h a t  a uniform veloci ty  p ro f i l e  and 

uniform mixing of components exists near t he  in jec tor  (5 2-cm downstream)”. . 

* That is ,  uniform mixing is assumed t o , b e  accomplished i n  about 100 micro- 

seconds. 

diffusive mixing of these flows with i n i t i a l  s t r a t i f i ca t ions  of about 1 M, 

The flow area at t h e  plane of in jec tors  for  t h e  primary flow has been chosen 

so t h a t  t h e  primary flow is nearly sonic as it passes between t h e  a i r f o i l s  t o  

promote uniform veloci ty  conditionsb but a uniform veloci ty  p r o f i l e  is pro- 

bably only approximately achieved. 

This  t i m e  corresponds approximately t o  t h e  charac te r i s t ic  time for  

1 
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Because the charac te r i s t ic  time for  vibrat ional  energy t ransfer  from N 

CO 

t o  2 
i s  l e s s  t h a n  the character is t ic  mixing t i i n ?  under the conditionsof theee 2 

experiments, the maximum gain values are reached j u s t  downstream of the 

i n j e c t o r s ( ~ 2  em) a t  the  cross sect ional  plane where uniform mixing is  accom- 

plished, The populations of t h e  various vibrat ional  levels  i n  CO have been 
2 

calculated for a l l  points downstream of t h i s  plane of uniform mixing by 

specif'ying the  velocity and t h e  vibrat ional  populations at  t h i s  i n i t i a l  posi- 

t ion .  

may be readi ly  estimated from the  experimentally determined ax ia l  var ia t ion 

i n  average gain coeff ic ient  as given i n  Figure More accurate i n i t i a l  

populatio&may then be obtained by choosing those i n i t i a l  values which give 

a best f i t  between experiment and theory for  t h e  ax ia l  variation i n  average 

The i n i t i a l  flow velocity is  known and the  i n i t i a l  population densi t ies  

6 *. 

gain coefficients.  

The theore t ica l  model used fo r  such calculations includes t h e  e f f ec t s  of 

the  diffusion of vibrat ional  energy within a multicomponent mixture, of viscous 

boundary layer  development, and of the various co l l i s iona l  vibrat ional  relaxa- 

t i o n  processes. The theory has been developed within t h e  framework of 

approximations afforded by t h e  assumption of an isothermal incompressible 

flow. *+ 

@ Notice how potent ia l ly  useful t h i s  type of graph is. 
by t h e  abcissa at each posit ion,  L ,  along the curve gives the  average gain 

coeff ic ient ,  a = 1, IL a dZ,  at t h i s  position. Also t h e  slope of t he  curve of 

aL as a function of L gives t h e ' l o c e  gain coeff ic ient  a .  

The ordinate divided 

L o  - .  

**Under severe conditions, t h e  pressure drop along the  flow can reach 45$, 
and t he  temperature rise can be as high as 70°K. 
t h e  extent of t h e  in te res t ing  region of s igni f icant  op t ica l  gain does not 

extend far enough along t h e  flow t o  inval idate  the  analysis. 

Fortunately, i n  most cases 



Only the  r e su l t s  of such calculations w i l l  be given here, as the de t a i l s  w i l l  

(23) be presented elsewhere 

Figure 12 compares the  var ia t ion i n  gain coeff ic ients ,  averaged Over the 

flow length L fo r  a 2.54-cm-I.D. tube, as determined by two separate experi- 

mental methods w i t h  theory. The so l id  data points correspond t o  those given 

i n  Figure 6. 

The open data  points of Figure 12 were determined from measurements of 

the  in tens i ty  of t h e  4.3 1.1 emission band from the  (00'1) vibrational l eve l  of 

CO 

posit ions along the flow, 

(00'1) i s  given d i r ec t ly  from these measurements. 

temperature of these experiments i s  qui te  low (330'K) compared t o  the effect ive 

vibrational temperature of t h e  upper laser leve l  (lo3 - 10 OK), and because 

of the e f f i c i en t  vibrational-translation coupling of the  lower laser leve l  

afforded by the  presence of a substant ia l  f ract ion of helium i n  t h e  flow, the  

population of t h e  lower l a s e r  leve l  i s  qui te  low (effect ive vibrational tempera- 

ture 6 400'K). 
t i o n  i s  necessary t o  calculate  the  var ia t ion i n  l oca l  gain coefficient along 

the  flow d i r ec t ly  from the  measured var ia t ion i n  the  4.3 1! emission intensi ty ,  

The averaged gain coeff ic ients ,  plot ted as the open points i n  Figure 12 ,  a r e  

made at various infrared transmitt ing s ide windows located at  various 2 

The relative var ia t ion i n  the  upper CO laser state 2 
Because t h e  t rans la t iona l  

4 

Therefore, only a s m a l l  correction fo r  the  lower s t a t e  popula- 

then determined by integration o f t h e  loca l  gain coeff ic ient  along t h e  flow. 

The so l id  curve of Figure 12 corresponds t o  a theore t ica l  calculation using 

rate coefficients t h a t  give a best  f i t  with t h e  two s e t s  of experimental data. 

The overa l l  relaxation rate for  a best  f i t  is  approximately 705 l a rger  than 

t h a t  calculated with currently accepted values '24 9 * 5 )  .of rat.e coeff ic ients  

for measured pressures and temperatures of our experiments. This discrepancy 
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is  perhaps p a r t i a l l y  caused by the e f fec ts  of nitrogen atoms and of various 

excited species of nitrogen present i n  t he  flcv *. Perhaps another explana- 

t ion  l i e s  i n  the  fac t  t h a t  t he  temperature dependence of the  r a t e  coeff ic ients  

changes rapidly near our experimental conditions; e i the r  uncertainties i n  t h e  

measured rates i n  t h i s  temperature region (24), or  a small underestimate of  

our gas temperature couldaaccount for  t he  discrepancy. 

The so l id  theore t ica l  curve shown with the  data  of Figure 7 was calculated 

according t o  t h e  aforementioned procedure. The agreement between ex;periment 

and theory is  probably as good as could be expected w i t h  t he  approximations 

t h a t  have been made i n  t he  present analysis.  The primary e f f ec t  producing 

t h e  nonuniform average gain p ro f i l e  as a f’unction of t he  r ad ia l  coordinate i s  

caused by the developing viscous boundary layer. 

indicate t h a t  t h e  e f f ec t  of diffusion toward the  w a l l s  induced by t h e  nonuni- 

formities created by the  boundary layer is  not a major loss mechanism fo r  

vibrat ional ly  excited states for  t h e  tube diameters used here, 

The theore t ica l  calculations 

To i l l u s t r a t e  t h i s  point,  Figure 7 shows a calculat ion (dashed curve) for 

which t h e  e f f ec t s  of diffusion are not included (the diffusion coeff ic ient  

has been set equal t o  zero). The ra ther  small influence of diffusion rela-  

t ive  t o  t h a t  of t he  developing viscous boundary layer  demonstrated by these 

curves has i t s  or ig in  i n  the  r e l a t ive ly  rapid rates of co l l i s iona l  relaxation 

of the vibrat ional  leve ls  as a los s  mechanism fo r  vibrat ional  energy compared 

with t h e  r a t e  at which energy diffuses from a given region o f t h e  flow. 

cumulative act ion of t he  boundary layer i n  slowing the  pa r t i c l e  ve loc i t ies  

The 

below t h a t  of t h e  cent ra l  uniform core allows very subs t an t i a l . r e l a t ive  

differences i n  population t o  develop a t  a given locat ion downstream because 
/ 

* Under conditions of reduced power input t o  the  upstream discharge, we have 

measured rate coeff ic ients  t h a t  agree reasonably w e l l  with those of other 
experimenters (23) e 
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the progress of collisional relaxation is greatest for those flow regions 

most influenced by the slowly moving bouadary layer. 

It is clear from the foregoing discussion and from the experimental data. 

presented in Figures 7 and 12 that, except for those regions of the flow 

substantially influenced by boundary layer development, the vibrational state 

populations (and hence the gain) depend primarily upon volume collisional 

processes*. 

high gain can be achieved for very large transverse flow dimensions. 

power output of such high speed flow systems can be scaled (except for gain 

Thus, it is possible to build laser systems for which a uniformly 

The laser 

saturation effects along the optical axis) with transverse flow dimensions ( 2 , 9 ) *  ' 

Figure 13 shows how the local small-signal gain coefficient, a ,  varies 

along the flow direction"" if mixing is assumed to be accomplished instan- 

taneously at the origin, 2 = 0. 

the initial energy transfer process from vibrationally excited N2 to initially 

unexcited C02. 

by collisional transfer from the upper COP laser level has increased to balance 

the net rate of pumping from the nitrogen. 

slowly at a rate limited by the overall collisional relaxation rate for the upper 

laser level as coupled to the reservoir of vibrational energy contained in 

the nitrogen ( 9 ' 2 5 ) 0  

The gain grows very rapidly at first during 

The gain reaches a maximum when the net loss rate of energy 

The gain then decays relatively 

The dashed line on Figure 13 represents the location at 

which mixing is complete in these experiments. 

For actual laser operation with a transverse optical axis, the influence 

of cavity radiation upon the relaxation of vibrational populations is quite 

important and can produce relaxation characteristics substantially different 

from those discussed above 

*However, stimulated emission and absorption processes can have pronounced 
effects upon vibrational state populations. 
**The distance along the flow direction has been nondimensionalized by using 
the coordinate 2" = Z/roRe, where 2 is distance along the flow direction, r 
is the flow tube radius, and Re is the Reynolds number for the flow defined 

(9) 

0 
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IV. A Purely Chemical Laser 

We have recently reported the  first successful operation of a chemical 

l a se r  f o r  which cw l a se r  output w a s  achieved solely by t h e  simple ac t  of 

. Continuous-wave operation i n  CO at mixing bot t led gases together 

10.6 microns has been achieved without t h e  use of e l e c t r i c a l  or  thermal energy 

(14 1 
2 

sources. 

The important s teps  i n  the  mechanism f o r  chemical pumping of CO were 2 

t h e  following: 

A. A source of f luorine atoms w a s  provided by mixing n i t r i c  oxide with 

a flowing mixture of f luorine and helium, as a r e su l t  of the  reaction 

F + NO .* ONF + F (1 1 2 

B, The combined flowswerethen rapidly mixed with ddtgterium and carbon 

dioxide t o  produce vibrat ional ly  excited DF by the  chain reaction 

F + D2 + (DF)* + D (2a) 

D + F2 + (DF)" + F (2b 

followed by the  intermolecular transfer of vibrational-rotational 

energy from DF t o  C02, 

DF(v=n) + C02(OOoO) +'DF(v=n-1) + C02(OOo1) . 13) 

Figure 1 4  shows a schematic diagram of the f lu id  mixing chemical laser. 

The apparatus w a s  similar t o  t h a t  of Figure 2 

was necessary. Step A, above, occurred i n  an 11-mm-I.D. quartz sidearm tube 

leading in to  t h e  main flow laser tube as shown. The rapid mixing of  s tep  B, 

above,was accomplished by an inJector located at t h e  upstream end of a 23. cm 

length of  9 mm bore Teflon reaction tube. 

except t ha t  no RF discharge 

Mixing and reaction took place 
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quite  rapidly (100-200 LI see] i n  the high speed (600 m/sec) flow passing through 

the Teflon reaet ien tube; the  major portion of t h e  l a s e r  output ‘bias contributed 

from t h i s  portion of t h e  flow (13). The flow l e f t  t he  Teflon reaction tube at 

sonic veloci ty  and expanded t o  flow another 60 cm along the  2.54-em-I.D. Pyrex 

flow tube before being exhausted i n t o  a sidearm tube. A l l  i n t e r io r  w a l l  sur- 

faces of the  flow l a se r  were coated with €1 BO according t o  the  method of 3 3  
(26 1 Ogryzlo 

Laser power output w a s  measured fo r  the  opt ica l  cavity of Figure 1 4  w i t h  

t h e  use of cal ibrated 10.6 micron at tenuators  and a cal ibrated Eppley thermo- 

p i le .  A maximum power output of 0.23 watts w a s  observed fo r  t h i s  DF-CO l a s e r  

at  t h e  p a r t i a l  flow ra tes :  

19 p moles/sec, D2 = 360 v moles/sec, and C02 = 1570 IJ moles/sec. 

conditions, the  pressure j u s t  upstream of t h e  Teflon reaction tube w a s  19 to r r .  

2 

F2 = 390 IJ moles/sec, He = 3830 p moles/sec, NO = 

Under these 

The pressure dropped along the  Teflon reaction tube t o  a value of about 6.7 

t o r r  (65% less than the upstream value) (I3) j u s t  before the  flow entered the  

expansion region. The pressure i n  t h e  expanded flow was  1.0 to r r .  

Figures 15 and 16 show t h e  r e l a t ive  var ia t ion i n  the  DF-C02 laser output 

caused by respective var ia t ions i n  each o f t h e  p a r t i a l  flow rates, as observed 

with a bolometer and tuned amplifier. The var ia t ions i n  each of t h e  p a r t i a l  

flow r a t e s  were performed while holding t h e  other flows constant at  approxi- 

mately t h e  values given above. The flow rates for  each o f t h e  gases have been 

normalized by the  optimum flow rate value fo r  t h a t  gas. 

Several addi t ional  chemical reactions giving vibrat ional ly  excited DF, 

HI?, and HC1 have been found t o  produce laser action at 10.6 p.  Table I 

summarizes performance data  obtained with t h e  flow laser system of Figure 2. 

It is  expected t h a t  other reactions giving rise t o  vibrat ional ly  excited HBr 

o r  H I  should a l s o  give cw laser act ion (e.g., H + Br -* HBr + Br,  Br  + H I  -+ 

HBr + I, H + I2 -* H I  + I). 
2 

.... 



It should be emphasized thst a l l  of the  chemiccl laser work discussed 

here has been performed with opt ica l  cav i t i e s  designed t o  have lov  losses.  

The power outputs have been found t o  be substant ia l ly  increased i n  several  

cases over t he  values recorded here by using mirrors of higher transmittance. 

'For prac t ica l  laser operation at high powers, a transverse opt ica l  system 

(9,15,16 1 has many advantages 

Chemically pumped CO lasers of t h e  type considered'here are theore t i -  2 

c a l l y  capable of high e f f ic ienc ies  of conversion of t h e  energy of chemical 

, r eac t ion  i n t o  l a se r  energy. For example, consider t he  purely chemical laser  

of reactions (1) t o  ( 4 )  i n  t he  foregoing discussion. 

above) of nearly 10% i s  predicted with t h e  following assumptions: 

An efficiency (as described 

(a) A stoichiometric chain reaction of D2 and F2 can be sustained by pro- 

viding a 6 percent excess of F f o r  reaction with NO by reaction (1). 

H a l f  of  t h e  available chemical energy of the  overal l  react ion D2 + F2 

-f 2DF is  real ized as vibrat ional  energy of DF. 

2 

(b) 

(c) CO has a quantum efficiency of 38 percent. 

(d) 

2 

H a l f  of t h e  vibrat ional  energy of (DF)" is  l o s t  by competing processes. 

Such a "chemical efficiency" compares very favorably with the  "e lec t r ica l  

efficiency" of large scale  N -CO e l e c t r i c a l l y  excited flow lasers . (17). The 

comparisqn is  even more favorable i f  t h e  overal l  thermodynamics of t he  genera- 

t i o n  of t h e  electrical energy consumed by t h e  N -CO 

2 2  

system is considered. 2 2  

V, Gasdynamic Mixing Behind Shock Waves 

Accepting the proposition t h a t  fur ther  study of rapid f lu id  mixing 
, 

techniques i s  important i n  t h e  development of la rge  scale  cw molecular lasers, 

one then must inquire as t o  t h e  means by which such rcixing might be accomplished. 

Several ideas f o r  augmenting ordinary laminar or  turbulent diffusive mixing 
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suggest themselves, e.g., 

A. The secondary components can be mixed w i t h  the  primary gas by i n i t i a l  

dispersion by droplet inject ion,  followed by a rapid induced 

vaporization and diff'usive mixing i n  the gas phase. There appear 

t o  be many ways t o  induce the  rapid vaporization'of the  droplets. 

These might include: vaporization by thermal radiat ion,  inject ion 

of highly posi t ively charged droplets i n to  a primary plasma t o  

take advantage of enhanced mixing due t o  e l ec t ros t a t i c  e f f ec t s  

and droplet  vaporization by the  release of surface recombination 

energy, vaporization enhanced by droplet  breakup due t o  resonances 

driven by osc i l l a t ing  acoustic and e l e c t r i c a l  f i e l d s ,  e tc .  

Rotating flows can provide extremely high accelerations t o  dr ive 

t h e  mixing of gaseous components of d i f fe r ing  dens i t ies .  

B. 

C. Ultrasonic, e l ec t ros t a t i c ,  and electromagnetic osc i l la t ions  may 

be useful i n  inducing breakup of gaseous interfaces .  

Magnetogasdynamic interact ions could aid i n  mixing ionized gases. I). 

Hovever, t he  need fo r  mixing of large volumes of gases i n  short times places 

a fundamental constraint  upon the  select ion of possible techniques. That i s ,  

mixing across i n t e r f a c i a l  surfaces of l imited extent,  even though accomplished 

i n  acceptably short  t i m e s ,  cannot provide the  high volume r a t e s  of mixing tha t  

volume'' type mixing techniques (i.e., not essent ia l ly  limited by t h e  (1 

effect ive i n t e r f a c i a l  surface area) could provide. 

inject ion scheme o r  the  use of e l ec t ros t a t i c  o sc i l l a t ions ,  etc. ,  though con- 

ceivably providing the  essent ia l  means t o  produce violent  breakup of interfaces  

Ideas such as the  droplet 

, 
and t o  provide the  desired volume rates of mixing, would require r e s t r i c t i v e  

selections fo r  the types of gases t o  be mixed and o f t h e i r  physical states. 
* 

The volume mixing rates .achievable by jet-mixing o r  rotating-flow mixing appear 

t o  be ''surface limited'' and attempts t o  overcome t h i s  l imitat ion appear t o  

involve complicated o r i f i c e  arrangements t h a t  are d i f f i c u l t  t o  build (see 
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Figure 1 )  and tend  t o  promote excessive destruction of requis i te  species by 

surface de-excitation or recombination, 

For these several  reasons, t he  simplicity of the technique, and i t s  

potent ia l  for  the  introduction of violent i n t e r f ac i a l  i n s t a b i l i t i e s ,  t he  

shock mixing concept discussed by the author at the  NASA Gas Laser Conference 

is  considered here i n  connection with some recent experimental resu l t s .  

Y 

An in te res t ing  phenomenon, apparently well known but not extensively 

studied, occurs vhen an i n i t i a l l y  nonuniform or  s t r a t i f i e d  flow passes through 

a shock wave. The shock can in te rac t  with the  flow t o  abruptly cause instab- 

i l i t i e s  t o  occur at  the  interfaces between those regions which p r io r  t o  the  , 

shock have appreciably d i f fe ren t  components of momentum normal t o  the  shock 

wave. The form of t h e  i n s t a b i l i t i e s  can be of the  Taylor type i f  i n i t i a l  

flow s t r a t i f i c a t i o n s  ex i s t  pa ra l l e l  t o  t he  plane of t he  shock, o r  of the 

Kelvin-Kelmholtz type fo r  t h e  case where the  i n i t i a l  planes of s t r a t i f i c a t i o n  

are normal t o  t h e  plane of t he  shock, 

Such instabil i t ies are coupled with large pressure inequal i t ies ,  flow 

reversal ,  and vortex formation t h a t  can be generated by. the shock wave in te r -  

act ion with the  s t r a t i f i e d  flow. These features may have important application 

t o  t h e  problem of the  achievement of rapid mixing of laminar flows. 

case, t h e  shock can serve as a means t o  violent ly  break up the  flow s t r a t i f i ca -  

t ions  and thereby reduce the  character is t ic  length for  diffusive mixing as 

w e l l  as increase the  effect ive in t e r f ac i a l  area across which diffusion occurs. 

The resu l tan t  increase i n  volume mixing rates would probably be not unlike 

In t h i s  

Q 

t h a t  attending the  abrupt t r ans i t i on  from laminar t o  turbulent flow. As has 

been mentioned, t h e  inherent causes f o r  such unstable recirculat ing flows are 

t h e  i n i t i a l  momentum differences between portions of the  flow upstream of the 

shock. These differences can be produced by density differences o r  velocity 

differences,  o r  both, The gasdynamic literature contains many references t o  

t h e  above types of phenomena, but apparently no serious proposals have been 
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advanced fo r  the d i r ec t  use of such shock wave - f l u i d  flow interactions as 

a means t o  achieve rapid volume mixing i n  gases. Th i s  use  was suggested t o  

(27) t he  author by F. K. Moore some time ago 

Bamples of references t o  the  above phenomena can be ci ted i n  connection 

with problems i n  supersonic combustion (28-32) , shock wave interactions w i t h  

flame f ronts  (33-38) , with boundary layers  (39-43), with wakes and wake tur -  

bulence (44-46), with je ts  (47-48) , with bubbles (28), with density stratifi- 

cations(49), and with shock wave interact ions with l iquid flows and layers  (50) 

ete. Despite such references t o  the occurance of enhanced mixing behind shocks, 

apparently no expl ic i t  studies of the  mixing process i t s e l f  have been undertaken. 

Figure 17 shows the  essent ia l  features  of the  gasdynamic shock-mixing 

process taken from a schlieren photograph ('l) of a shock wave moving i n t o  an 

i n i t i a l l y  stratif ied air-helium gas system. 

process i n  shock fixed coordinates t h a t  w a s  observed a f t e r  an i n i t i a l  t rans ien t  

Figure 17 shows t h e  interact ion 

period as t h e  shock moved through the  stratified gas ahead of it, Viewed i n  

shock-fixed coordinates, t he  cent ra l  lamina of helium approached at an upstream 

Mach number of 1.2; the surrounding air approached at a Mach number of 3.5". 

The upstream pressure and temperature were 80 t o r r  and 3OO0K respectively. The 

shock s t ruc ture  consists of segments of  normal shocks t h a t  ex is t  at the  outer 

edges of the  air flow and across t h e  cen t r a l  lamina of helium. A bifurcated "foot" 

consisting of t w o  oblique shocks connects t he  outer air  flow and the  cent ra l  

helium flow across an inner region of air flow, 

have been observed i n  shock-boundary layer  interact ions (41-43) . 
Similar shock bifurcations 

* 

The helium 

* The flow s i tua t ion  pictured is  achieved i n  a shock tube by providing a t h i n  

sandwich of helium gas enclosed by very de l ica te  lacquer membranes separating 

the inner helium gas from t h e  surrounding air. 
thick,  prepared according t o  the  general technique developed by Jahn 

The membranes are about 1000 A' 
(49 1 
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passes through the  normal shock and expands subsonically outward presenting a 

wedge-shaped bovndary along which the boundinq supersonic air f l o w  s l i p s  past. 

Along t h i s  interface a Kelvin-Helmholtz i n s t ab i l i t y  develops due t o  the  large 

velocity s l i p  between these adjacent flows, The helium contained within t h i s  

wedge-shaped boundary expands subsonically and mixes with the outer  flow i n  a 

c lear ly  defined region labeled "mixing zone" i n  Figure 17. In t h i s  region of 

rapid mixing the  vo r t i c i ty  generated along the  bounding helium-air interface 

is  markedly amplified. This highly ro ta t iona l  flow region connects the  re- 

l a t ive ly  high pressure outer airflow i n  the  regions A and B of Figure 17 

t o  t he  r e l a t ive ly  low pressure helium flow exis t ing i n  the region C e This 

difference i n  pressures between these unmixed portions o f t h e  overal l  flow is 

caused by t h e  large momentum difference between the  entering flows because of 

t h e  re la t ive ly  s m a l l  mass of helium as compared with t h a t  of air. The static 

pressure of t h e  air f l o w  i n  regions A and B i s  about1130 t o r r  compared 

with a stagnation pressure of 2 1 2 t o r r  fo r  t he  helium flow i n  region C e 

. ,There is thus no poss ib i l i ty  for  the  helium t o  leave region C except by rapidly 

mixing with a portion of t h e  air flow i n  the  mixing zone so t h a t  t h e  t o t a l  

pressure of t h e  mixed flows i s  suf f ic ien t  t o  "match" with the  remaining unmixed 

outer air flow. 
/ 

Stated another way, a portion of t h e  a i r  flow passing through the  bifurcated 

oblique shock "foot" i s  "sacrificed" so t ha t  by mixing t h i s  portion of t h e  outer 

flow 'with t h e  lower pressure helium flow, t h e  mixed flows are able t o  proceed 

downstream with t h e  unmixed portions of t h e  outer air flow. 

v i r tue  of t h e  fact t h a t  t h e  thus "sacrificed" portion of the  air flow has a 

This is possible by 

higher t o t a l  pressure than t h a t  of t h e  outer air flow passing through the  normal 

shock. 

Eventually t h i s  ro ta t iona l  mixing region diffuses  outward t o  envelop the  

entire flow and uniformly mixed conditions are achieved fur ther  downstream, The 
/ 
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. schlieren photographs we have obtained t o  date (51) indicate t h a t  no large 

.dens i ty  gradients ex is t  i n  the  flow immediately downstream of the mixing zone 

Diffusive mixing i s  doubtless incomplete u n t i l  some- indicated i n  Figure 17. 

what further downstream than  the  mixing zone indicated i n  Figure 17; the 

boundaries of t h i s  zone merely indicate t h a t  no density gradients a re  v i s ib l e  

beyond t h i s  region on our schlieren photographs. 

A theore t ica l  analysis of t h e  "gas-mixing shock" of Figure 17 and addi- 

t i ona l  experimental r e su l t s  are being prepared fa-  publication elsewhere, 

but it is  clear from the  features of Figure 17 tha t  a pronounced increase i n  

mixing rate occurs fo r  t he  shocked flows as contrasted w i t h  t h e  r a t e s  of 

diffusive mixing of unshocked flows of similar upstream configuration, 

shock has produced an enhanced mixing rate by performing i r revers ib le  work on 

The 

the  flows resu l t ing  i n  an enormous increase i n  in t e r f ac i a l  area and a resul tant  

increased rate of interdiffusion on a molecular scale. 

Figure 18, presented at  the  Conference, i l l u s t r a t e s  how t h i s  technique 

might be applied i n  a f lu id  mixing chemical laser. 

immediately upstream of the  ,shock wave system are at  a low temperature and 

The s t r a t i f i e d  flows 

l i t t l e  reaction occurs, i f  at a l l ,  before the shock. 

shock rapid mixing and reaction occur. 

behind the  shock may be useful i n  i n i t i a t i n g  reactions by supplying the 

requis i te  t r a n s l a t i o n d  activation energy f o r  reaction. 

Immediately behind the  

The elevated temperatures produced 

Reaction thus occurs 

i n  a detonation-like wave leading t o  population inversion and l a s e r  action, 

I n  some cases, it may be desirable t o  provide an expansion region t o  reaccelerate 

the  flow immediately following the  reaction region t o  cool t he  gas and enhance 

o r  create  population inversions. 

region might a l so  provide a means for. t he  u t i l i z a t i o n  of chemical reactions i n  

# 

Such an expansion region following the  reaction 

which products are close t o  thermal equilibrium i n  t h e  reaction zone. 

would be a thermally pumped lase; for  which the  thermal energy is  supplied by 

This 

chemical reaction. ,, 

0.22 - 
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Figure Captions 

Figure 1 : Schematic Diagram of Fluid Mixing Laser with Transverse Optical 

Axis 

Figure 2 : Schematic Diagram of Fluid Mixing Laser Used for Small Scale 

Laboratory Studies 

Figure 3 : Experimental Arrangement for Unsaturated Gain Measurements on 

Single Vibrational-Rotational Transitions of a Fluid Mixing C02 

Laser Amplifier 

Figure 4 : Injection Airfoil Array as Viewed from Downstream 

Figure 5 : Dependence of the Integrated Gain Coefficient, GL, Measured Along 

the Tube Axis, Upon Mixed Flow Length L. 

Figure 6 : Radial Profile of the Average Gain Coefficient Normalized by the 

Centerline Value 

Figure 7 : Dependence of the Average Gain Coefficient on Helium Partial 

Pressure for a Flow Tube with L = 1 m and a 2.54-cm-i.d. . 

Dependence of the Average Gain Coefficient on CO' Partial Pressure 

for a Flow Tube with L = 1 rn and a 2.54-cm-i.d. 

Figure 8 : 2 

Figure 9 : Dependence of Optimum Average Gain Coefficient Upon Nitrogen 

Partial Pressure for a Flow Tube with L = 1 m and a 2.54-cm-i,d. 

Dependence of Optimum Average Gain Coefficient Upon the Ratio of Figure 10: 

C02 to N2 Partial Pressures for a Flow Tube with L = 1 m and a 

2.54-cm-i .d. 

Figure 11: Dependence of the Average Gain Coefficient, Measured Along the 

Tube Axis, upon Mixed Flow Length L 

Variation of the Local Gain Coefficient, a, upon Nondimensional 

Distance Along the Flow Tube 

Figure 12: 

. . , .  
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Figure 13: 

Figure 1 4 :  

Figure 15: 

Figure 16: 

Figure 17: 

Schematic Diagram of the  Purely Chemical Laser 

Reiative Variation i n  Chemical Laser Output with Respective 

C02, and H e  P a r t i a l  Flow Rates 2’ Variations i n  D 

Relative Variation i n  Chemical Laser Output with Respective 

Variations i n  F2 and NO P a r t i a l  Flow Rates 

Gasdynamic Shock-mixing Process as Observed by Schlieren 

Photography 

Shock Mixing Technique as M i g h t  be Applied t o  a Chemical 

Laser System 
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